Frequency stability of frequency resources is necessary in various fields. Improvement in oscillator phase noise is vital to achieve frequency stability. Clearly, an evaluation method for phase noise is important. A PLL phase-noise measurement system is one known high-precision phase-noise measurement method. It has, however, a problem in that the measured data includes both the phase noise of the oscillator being measured and the phase noise of the reference oscillator. Fest et al. have studied a cross-correlation method, believed to be an improvement on the a PLL phase-noise measurement system. In this report, numerical processing of the cross-correlation method is studied using a computer simulation focusing on type of noise. Figure 1 shows the basic configuration of the cross-correlation method. The term φ i (t) (i = 1, 2, 3) in the Figure shows the phase noise of the respective oscillators. In the cross-correlation method, two reference oscillators are respectively synchronized using PLLs with the oscillator being measured, and the phase noise alone is detected with the outputs of the two low-pass filters (LPFs) correlated. Two sets of the phase-locked setup are arranged in parallel. When the PLLs are in a phase-locked state, since the output voltages of the respective LPFs are proportional to the differences in the phase noise between the oscillator being measured and the reference oscillators in the PLLs, ν 1 (t) and ν 2 (t) are expressed as:
The cross-correlation function C ν1ν2 (τ) can be expressed as the following from Eq. (1):
From Eq. (2), if the phase noise of the 3 oscillators is assumed to be respectively independent, the term C φ1φ1 (τ) alone becomes dominant because the cross-correlation term, C φiφj (τ) (i ≠ j), tends to zero when averaged over an infinite time. This means that detection of the phase noise alone of the oscillator being measured becomes feasible.
White and colored noise was created as noise distributions for use in this study. Here, it gives an example about the white noise. White noise, which has the same statistical characteristics over the whole range of frequencies, was created using a random number-generating program. Figure 2 shows part of the results of a fast Fourier transformation analysis. The result indicates that the noise has a spectrum with noise levels that are close to being constant over all frequency ranges
The abscissa shows the number of items of sampled phase-noise data, and the ordinate shows the ratio of the autocorrelation value to the cross-correlation value for zero delay timeτ. The autocorrelation value here is the phase noise, φ 1 (t), of the oscillator being measured, which is autocorrelation-treated, and the crosscorrelation value is the LPF outputs, ν 1 (t) and ν 2 (t), which are cross-correlation-treated. With a rising number of data items, the cross-correlation value is expected to approach the autocorrelation value. Therefore, if the number of data can be found which gives the ordinate value of unity, the cross-correlation value for the case is expected to represent the phase noise being measured. From  Fig. 3 , the result indicates that the ratio converges on unity at over 4000 items.
In this report, as shown in the above, a study using a computer simulation was conducted on the numerical processing of the ultralow-phase-noise measurement using the cross-correlation method.
Our results reveal that, using the method employed, the cross-correlation values of the two LPF outputs of the oscillator being measured converge on the autocorrelation values when the number of data items is increased. 
Member
Measurement methods for phase noise of oscillators include one using a phase-lock loop (PLL). However, this method cannot be used for measuring extremely low phase noise since it includes the phase noise of the reference oscillator in the measured values in addition to that of the oscillator being measured. We have therefore been studying a cross-correlation method to measure extremely low phase noise.
In this report, numerical processing using a cross-correlation method is studied through computer simulations.
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Introduction
Frequency stability of frequency resources is necessary in various fields, and is, needless to say, crucial in metrology. Improvement in oscillator phase noise is vital to achieve frequency stability. One method for reducing phase noise inside an oscillator has been studied (1) . Clearly, an evaluation method for phase noise is important.
A PLL phase-noise measurement system (2)(3) is one known high-precision phase-noise measurement method. This is measurement method to compare with a reference oscillator by using PLL. It has, however, a problem in that the measured data includes both the phase noise of the oscillator being measured and the phase noise of the reference oscillator (4) . Therefore, if the oscillator being measured is more stable than the reference oscillator, a PLL phase-noise measurement system cannot measure the phase noise of the former.
Fest et al. have studied a cross-correlation method (5) , believed to be an improvement on the a PLL phase-noise measurement system. Even though this method can reduce the influence of phase noise in the reference oscillator in a PLL, items related to the types of noise and the number of data items needed have not been sufficiently elucidated.
In this report, numerical processing of the cross-correlation method is studied using a computer simulation focusing on type of noise. Figure 1 shows the basic configuration of the cross-correlation method. The term φ i (t) (i = 1, 2, 3) in the Figure shows the phase noise of the respective oscillators. In the cross-correlation method, two reference oscillators are respectively synchronized using PLLs with the oscillator being measured, and the phase noise alone is detected with the outputs of the two low-pass filters (LPFs) correlated. Two sets of the phase-locked setup are arranged in parallel.
Cross-Correlation Method
When the PLLs are in a phase-locked state, since the output voltages of the respective LPFs are proportional to the differences in the phase noise between the oscillator being measured and the reference oscillators in the PLLs, ν 1 (t) and ν 2 (t) are expressed as: The cross-correlation function C ν1ν2 (τ) can be expressed as the following from Eq. (1):
From Eq. (2), if the phase noise of the 3 oscillators is assumed to be respectively independent, the term C φ1φ1 (τ) alone becomes dominant because the cross-correlation term, C φiφj (τ) (i ≠ j), tends to zero when averaged over an infinite time. This means that detection of the phase noise alone of the oscillator being measured becomes feasible. 
Discussion
The cross-correlation term, C φ iφ j (τ) (i≠j), is predicted to fall to zero when averaged over an infinite time. However, the following problems remain:
(1) The average over an infinite time cannot be calculated practically because the actual measurement time is finite. Therefore, the size of data is not known for the term C ν1ν2 (τ), the cross-correlation function of the two LPF outputs, to come close to the autocorrelation term, C φ1φ1 (τ).
(2) In general, various spectra are present in the phase noise of the oscillator being measured. However, it is not known whether the cross-correlation method is effective with respect to all the spectral distributions.
Consequently, in this study, several kinds of noise distributions were created. A study using a computer simulation was attempted on the sizes of the measured data required for these distributions for extracting the phase noise alone of the oscillator being measured.
Creation of Noise
White and colored noise was created as noise distributions for use in this study. The method used to generate this noise is described in the following.
(1) White noise White noise, which has the same statistical characteristics over the whole range of frequencies, was created using a random number-generating program. Figure 2 shows part of the results of a fast Fourier transformation (FFT) analysis. The result indicates that the noise has a spectrum with noise levels that are close to being constant over all frequency ranges.
(2) f +2 -type-distribution noise This was created with differences between two neighboring numbers selected from the random numbers created as white noise. This spectrum created by the above differentiation operation follows an f +2 -type distribution, and corresponds to the white phase noise observed by a frequency-discrimination-type measurement process. Figure 3 shows an example of the FFT-analyzed data which indicates that the noise has a spectrum of this type, showing an increase in the noise level as the frequency increases. (3) 1/f noise In creating 1/f noise, chaos theory -intermittent chaos according to the deformed Bernoulli principle-was employed.
( ) where n is a discrete time, ε is an infinitesimal parameter, and B is the other parameter controlling the correlation intensity which is larger than 1.
According to the literature (6) , Eq. (3) is a dynamic system of one-dimensional mapping which can be treated analytically. When B = 1 in the Bernoulli system, X n is purely random, and the spectrum is white. When B increases, a strong correlation arises in the variation of X n . The symbol string for variation is set as follows.
( ) and ε = 0 were set in Eq. (3), and the initial values of the phase noise of the oscillators shown in Fig. 1 were set at φ 1 (0) = 0.7,φ 2 (0) = 0.9, and φ 3 (0) = 0.8. Figure 5 shows an example of the created 1/f noise. Although the data deviates slightly from a -1 power because B = 1.7 (ν = 0.57) and ε = 0 were set, it is called 1/f noise for reasons of convenience.
Numerical Processing
Some of the simulation results are shown in Figs. 6-9. The abscissa shows the number of items of sampled phase-noise data, and the ordinate shows the ratio of the autocorrelation value to the cross-correlation value for zero delay time τ. The autocorrelation value here is the phase noise, φ 1 (t), of the oscillator being measured, which is autocorrelation-treated, and the cross-correlation value is the LPF outputs, ν 1 (t) and ν 2 (t), which are cross-correlation-treated. As described in Chapter 2, with a rising number of data items, the cross-correlation value is expected to approach the autocorrelation value. Therefore, if the number of data can be found which gives the ordinate value of unity, the cross-correlation value for the case is expected to represent the phase noise being measured.
Figures 6 and 7 show part of the results for white noise. Figure 6 is for the case φ 1 (t) = φ i (t). The result indicates that the ratio converges on unity at over 4000 items. Figure 7 shows an example of the results for 10φ 1 (t) = φ i (t). This assumes that the phase noise of the reference oscillator is one digit inferior to that of the oscillator being measured. Figure 7 indicates that the ratio converges on unity when data items exceed 500. Figure 8 shows the result for noise with the f +2 -type distribution. This result indicates that the ratio converges on unity for more than 250 data items. Figure 9 shows the result for the 1/f noise. The Figure shows that, although the ratio is far from unity for a small number of data, it converges on unity when the number of data items exceeds 10,000.
Summary
Our results reveal that, using the method employed, the cross-correlation values of the two LPF outputs of the oscillator being measured converge on the autocorrelation values when the number of data items is increased.
Since other types of noise are present in oscillator phase noise, we plan to study these distributions. 
